The phenomenon of invasive alien species has become one of the greatest threats to the biological diversity of the planet, placing major constraints on development. In order to provide the tools needed to address this pervasive issue, the current knowledge on invasive species must be further developed with a cross-sectoral and multi-disciplinary approach. Recent theories of invasion propose that exotic plants probably produce secondary metabolites which can be allelopathic, antiherbivore, anti-microbial and which are either unique or underrepresented in the plants' new range. This review attempts to attract the attention of phytochemists to study either the mechanisms of plant invasion or to use this widespread plant resource for humans.
Invasive alien plants are species that have established and spread, and that can cause harm to the environment, economy and human health by outcompeting native species, reducing agricultural and fisheries production, or spreading diseases [1] . In Europe, invasive alien species are also known as invasive neophytes, a term referring to plant species introduced since 1500 (Swiss Commission for Wild Plant Conservation. http://www.cps-skew.ch). Plant species can be introduced to a new area intentionally or unintentionally. Over the millennia, plant species have dispersed throughout the world by natural means, such as ocean currents, winds, and attached to floating logs. With the advent of widespread mobility, humans have aided the process of species dispersal around the world by carrying either organisms or their propagules (seeds, roots). As a result, many species have been able to establish new populations outside their native range. These incursions have shown a dramatic increase in frequency, extent and damage over the last half a century. There is little doubt that this is largely due to the increase in "the Four Ts": Trade, Travel, Transport and Tourism. The continuing globalization of the present day is undoubtedly facilitating and accelerating the introduction. Today, the phenomenon of invasive alien species has become one of the greatest threats to the biological diversity of the planet, placing major constraints on development. No country can afford to ignore this serious environmental and economic threat [1] .
In order to provide the tools needed to address this pervasive issue, the current knowledge on invasive species must be further developed with a crosssectoral and multi-disciplinary approach. With the increasing research interest, there are a number of theories for successful exotic plant invasion. One is a 'novel phytochemistry hypothesis': exotic plants with potent secondary compounds that are unique or underrepresented in the plants' new range are more likely to become highly invasive [2] . Therefore, the chemical basis of the interaction of the plant and environment play an important role. However, with the small number of cases studied, the function of new phytochemicals in different species cannot yet be deduced. Close collaboration between phytochemists and biologists is a requirement of the current situation, which will quickly contribute to the Fan & Marston comprehension of the invasive process and help to fight this destructive phenomenon. Plant materials are often very expensive, rare and difficult to obtain for phytochemical work. Instead of concentrating on rare or extinct species, the study of the bioactivities of widespread invasive species will exploit this biomass as a source of potentially important bioactive compounds.
This review is an attempt to attract the attention of phytochemists to this field by describing the invasive species, and giving the current situation. Hypotheses on the mechanism of invasion and the involvement of chemicals are presented, as found in recent research.
Invasive species
Species being introduced into an area must survive during and after the journey from their original home. Many species fail to survive due to unsuitable environmental conditions. The survivors must persist and reproduce successfully until they establish a selfsustaining 'founder population' (initial group of organisms of the same species that establishes in the new environment). The established species begins to multiply and spread, sometimes after a substantial time lag (or lag phase) of a few years or even decades. This is the explosion phase (i.e., they become invasive). In some species (e.g., trees) this may be more than 100 years, in others (e.g., water hyacinth) it may be a few weeks. So, after these three main phases (introduction, establishment, spread), an invasive alien plant will exert all its influence on the local environment [1] . Impacts can be direct or indirect, and can be grouped into three main categories -ecological, economic and health-related. A list of invasive species is given in Table 1 and these include for example:
Giant Hogweed (Heracleum mantegazzianum, Apiaceae) ( Figure 1A ), native to Asia, has been introduced into Europe and North America. It is characterized by its size and may grow from 4.5 to 6 m in height. It is distinguished by a stout dark reddish-purple stem and spotted leaf stalks. Stalks and stem produce sturdy pustulate bristles, which contain a toxic sap. The stem and stalks are hollow; stems vary from 5 to 10 cm in diameter. The compound leaves may expand to 1.5 m in breadth. Each leaflet is deeply incised. H. mantegazzianum has two major impacts; first, it suppresses growth of native plants and with them associated fauna. Secondly, direct skin contact with the plant induces extreme photosensitivity (photo-dermatitis).
Exposure to the sap sensitizes the skin to sunlight and results in swelling, blisters and eruptions of affected sites ( Figure 1B ). Costs are incurred, therefore, both for medical treatment and in implementing strategies to keep the plant under control [3] . Water Hyacinth (Eichhornia crassipes, Pontederiaceae) ( Figure 1C ), native to South America, is one of the worst aquatic weeds in the world. Its beautiful, large purple and violet flowers make it a popular ornamental plant for ponds. It is now found in more than 50 countries on five continents. Water hyacinth is a very fast growing plant, with populations known to double in as little as 12 days. Infestations of this weed block waterways, limiting boat traffic, swimming and fishing. Water hyacinth also prevents sunlight and oxygen from reaching the water column and submerged plants. Its shading and crowding of native aquatic plants dramatically reduces biological diversity in aquatic ecosystems [4] .
Common Ragweed (Ambrosia artemisiifolia, Asteraceae) ( Figure 1D ), native to North America, is considered as an invasive species in Europe, parts of Asia and Australia. It is an abundant seasonal aeroallergen in late summer to early fall which results in millions of dollars annually in health care costs and lost labor hours. In studies performed in Europe and North America, approximately 10-15% of the population is sensitive to the pollen of common ragweed and suffers from rhinitis, oculorhinitis, asthma, and dermatitis. It is also considered as a weed pest in agricultural crops like sunflower, sugar beet, corn and other cereal crops. It displaces native 
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North America vegetation in its introduced range, especially after a disturbance such as overgrazing or construction, which puts competitive pressure on the native flora [5] .
Current situation
Invasive species vary from country to country, and the seriousness of the problem varies from country to country too. Countries with major problems have realized, too late, that a small investment of time and money on prevention, early detection and control would have saved a huge amount spent on failed attempts at eradication and the repair of badly disrupted ecological services [8] . However, while most specialists accept that some established invasive alien species will never be eradicated, there is a great deal that can be done to control them effectively.
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Fan & Marston Numerous approaches to eradication or control have been developed, including mechanical, chemical, biological methods, habitat management, and a combination of methods.
To fight invasive species, many countries have built the basic capacity to identify, to record and monitor invasions according to their current impact and provide current lists of potential and established IAS. 
Why some invasive plant species transmogrify from weak competitors at home to strong competitors abroad. Hypotheses on the mechanism of invasions
The high adaptability of the species itself and the vulnerability of the ecosystem are the first factors [9] . With the increasing research interest, there are a number of theories for successful exotic plant invasion. Two key theories are based upon the changes that occur as a result of plant displacement: the enemy release hypothesis (ERH) and the novel weapons hypothesis (NWH) [10] .
The enemy release hypothesis (ERH) [11] : Plant species, on introduction to an exotic region, experience a decrease in regulation by herbivores and other natural enemies, resulting in a rapid increase in distribution and abundance (also referred to as the herbivore escape, predator escape or ecological release hypothesis).
The hypothesis was also tested for viruses and for rust, smut and powdery mildew fungi that infect 473 plant species from Europe naturalized in the United States. On average, 84% fewer fungi and 24% fewer virus species infect each plant species in its naturalized range than in its native range. In addition, invasive plant species that are free from pathogens are more widely reported as harmful invaders of both agricultural and natural ecosystems [12] . The validity of these points, and thus the potential for enemy release, varies across species.
The novel weapons hypothesis (NWH) or Allelopathic advantage against resident species (AARS): An invader adds novel chemical(s) to the exotic soil that can exert strong phytotoxic effects against native residents of the exotic range [13] .
The NWH suggests that non-native species bring unique biochemicals to invaded regions, which gives them a competitive advantage because the new neighbors are not adapted to these novel chemicals. This allelopathy is the phytotoxicity of a compound or group of compounds to susceptible plants. Later, the NWH was expanded to include the stronger effects of novel biochemicals on generalist herbivores, pathogens and soil microbes in invaded ranges. A logical extension of the NWH is the hypothesis that populations of invaders in the invaded region should evolve greater concentrations of allelopathic, defense or antibiotic biochemicals than populations of the species in their native range. The fundamental idea is that if invaders possess biochemical traits that provide greater competitive or defense advantages in their new habitats than in their regions of origin, then selection pressure for the traits conferring competitive or defense advantages should be much greater on genotypes in the invaded regions than on genotypes remaining at home. This hypothesis has been called the 'allelopathic advantage against resident species' (AARS).
The fundamental prediction of AARS is that invasive populations will be more allelopathic or better biochemically defended, than source populations. These hypotheses take elements from traditional approaches to allelopathy, but expand these ideas in the light of recent ecological, evolutionary, biochemical and biogeographic data.
The occurrence of invasion must be multi-factorial, but the chemical basis is very important anyway. The 'Novel weapons hypothesis' has referred to novel biochemicals (allelopathic), while behind 'Enemy release hypothesis,' new anti-herbivores produced by the invasive plant may be also involved. Besides, increasing evidence suggests that root exudates might initiate and manipulate biological and physical interactions between roots and soil organisms, and thus play an active role in root-root and root-microbe communication. Secondary metabolites with antibacterial and antifungal activities can be also implicated in the case of plant invasion [14] . Therefore, all together, they could perhaps be combined under the umbrella of a 'Novel phytochemistry hypothesis': exotic plants with potent secondary compounds that are either unique or underrepresented in the plants' new range are more likely to become highly invasive [2] . (Asteraceae) (diffuse knapweed), on three bunchgrass species that coexist with it in Eurasia with its effects on three bunchgrass species from North America that have similar morphologies and sizes, each of which is closely related to one of the negative Eurasian grass species. C. diffusa had much stronger effects on North American species than it had on Eurasian species [15] .
Anti-herbivore activity: Cappuccino and
Carpenter suggest that invasive plants may possess novel phytochemicals with anti-herbivore properties after surveying naturally occurring leaf herbivory in nine invasive and nine non-invasive exotic plant species sampled in natural areas in Ontario, New York and Massachusetts. They found that invasive plants suffered, on average, 96% less leaf damage than non-invasive species [2] . Invasive plants were also more taxonomically isolated than non-invasive plants, belonging to families with 75% fewer native North American genera. Taxonomic isolation reflects phytochemical isolation. Further, by searching online academic and governmental databases, a comparison of highly invasive exotic plant species in North American with non-invasive but widespread exotics revealed that the former were more likely to have potent secondary compounds that have not been Almost half (42.8%) of the highly invasive exotics possessed a prominent secondary compound that has not been recorded from native North American plants, whereas only 11.1% of the prominent chemicals from non-invasive plants were absent from the North American flora. For some exotic plants, the prominent novel phytochemical may confer multiple advantages, enabling invasiveness through several mechanisms. Over half (57.5%) of the compounds have been reported as active against more than one type of organism and several appear to have generalized biocidal effects.
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Fan & Marston reported from North American native plants. Moreover, on average, the compounds found in the invasive plants were reported from fewer species, fewer genera and fewer families than those from noninvasive plants. Many of the unique phytochemicals from invasive plants have been reported to have multiple activities, including antiherbivore, antifungal, antimicrobial and allelopathic (phytotoxic) effects, which may provide the plants with several advantages in their new environments ( Table 2 ) [16] . Combating invasive plants is difficult and costly. The ability to predict which exotic species are likely to become pests of natural areas would allow managers to initiate proactive control measures. Phytochemical isolation from native plants could be used to predict invasiveness.
Anti-microbial activity:
The rhizosphere is a densely populated area in which plant roots must compete with invading root systems of neighboring plants for space, water, and mineral nutrients, as well as with other soil-borne organisms, including bacteria and fungi (Figure 2) . The below ground biological interactions that are driven by root exudates (chemicals secreted into the soil by roots) are more complex than those occurring above the soil surface. Plants depend on the ability to communicate with microbes, while many bacteria and fungi are dependent on associations with plants that are often regulated by root exudates. Root exudates also act as antimicrobials against rhizospheric microflora, providing the plant with defensive advantages. Collectively, plants produce a compositionally diverse array of >100,000 different low-molecularmass natural products, known as secondary metabolites. Root exudates, in their various forms, regulate microbial communities in the rhizosphere [14] .
Callaway et al. found that growing Alliaria petiolata (Bieb.) Cavara & Grande (Brassicaceae) (Garlic mustard) in soils from four different regions of North America decreased arbuscular mycorrhiza (AM) fungi, and fungal diversity, as well as the emergence, growth, and survival of mycorrhizal plant species from the same region. Non-mycorrhizal plant species did not show this response. Growing A. petiolata in soils from two different regions of Europe had no effect on either AM fungi or soil fungal diversity, and had weak effects on the composition of fungal Invasive alien plants Natural Product Communications Vol. 4 (10) 2009 1413 communities and plant emergence and growth. Application of A. petiolata leaf extracts (that shared many chemical similarities with root extracts) strongly suppressed AM fungi in soils from six North American sites, but had no effects on AM fungi in soil from six European sites. These results suggest that the long history of coexistence between A. petiolata, soil fungi, and other plant species in Europe, where A. petiolata is native, has led to the evolution of resistance in soil fungi that promote coexistence between A. petiolata and fungi and, therefore, A. petiolata and other plant species. In contrast, it appears that A. petiolata may produce a biochemical (or several biochemicals) that is novel in North America and to which North American plants and fungi are not adapted, supporting the novel weapons hypothesis [17] .
5.
Phytochemicals reported in invasion mechanisms (Figure 3) Catechins [18, 19] : Centaurea species are listed among the most economically destructive exotic invaders in North America, and have been suspected of using allelopathic mechanisms to rapidly displace native species. From C. maculosa (Asteraceae) (spotted knapweed), (-)-catechin (1) was identified as a phytotoxic root exudate, whereas (+)-catechin (2) had antimicrobial properties. Racemic catechin is abundant in soil extracts from C. maculosa-invaded fields, supporting the position that its invasiveness is facilitated by (-)-catechin release. The natural concentration of (-)-catechin was more than twice as high in soils supporting invasive C. maculosa in North America than in Europe. The results provide strong evidence that the root exudation of (-)catechin accounts, at least in part, for the displacement of native plant communities by C. maculosa. They also demonstrated the allelopathic effects of C. maculosa by integrating ecological, physiological, biochemical, cellular and genomic approaches. The results showed inhibition of native species' growth and germination in field soils at natural concentrations of (-)-catechin. In susceptible species such as Arabidopsis thaliana, the allelochemical triggers a wave of reactive oxygen species (ROS) initiated at the root meristem, which leads to a Ca 2+ signaling cascade triggering genomewide changes in gene expression and, ultimately, death of the root system [19, 20] biogeographically in its natural concentration and its effect as an allelochemical. It is at least three times more concentrated in C. diffusa-invaded North American soils than in this weed's native Eurasian soils and has stronger phytotoxic effects on grass species from North America than on grass species from Eurasia. Furthermore, experimental communities built from North American plant species are far more susceptible to invasion by C. diffusa than communities built from Eurasian species, regardless of the biogeographical origin of the soil biota. Sterilization of North American soils suppressed C. diffusa more than sterilization of Eurasian soils, indicating that North American soil biota may also promote invasion by C. diffusa. Eurasian plants and soil microbes may have evolved natural resistance to 8-HQ while North American plants have not, suggesting a remarkable potential for evolutionary compatibility and homeostasis among plants within natural communities and a mechanism by which exotic weeds destroy these communities.
Cnicin (4), a sesquiterpene lactone, was recognized as the phytotoxic compound of C. maculosa (Asteraceae) (spotted knapweed) [22] . Landau showed it can inhibit growth and development of larvae [23] .
Deoxymikanolide (5) and other sesquiterpene lactones isolated from Mikania micrantha (Asteraceae), (known as Mile-a-Minute, listed as one of the world's 100 worst invasive alien species [4] ), show strong phytotoxicity to Brassica parachinensis (Brassicaceae). They may play an important role in the successful invasion of the weed [24] .
Ocimenones (6, 7) , the dominant terpenes in the essential oils of the leaves and reproductive structures Fan & Marston of Tagetes minuta L. (Asteraceae), were studied throughout the life cycle of the plant in a natural population. The phytotoxic effect of ocimenones on germination was evaluated. Bioassays showed that both pure ocimenones and fruit material from T. minuta delayed and inhibited the germination of cohabitant species. A relationship between allelopathy, biosynthesis, catabolism and terpene release is proposed for the chemical ecological effect of T. minuta [25] .
Methyl jasmonate (8), a minor component released from sagebrush (Artemisia tridentate ssp. tridentate, Asteraceae), was found to suppress seed germination of Nicotiana attenuata in field situations [26] .
Anthraquinones: The root exudates from Polygonum sachalinense F. Schmidt ex Maxim. (Polygonaceae) in a recirculating system significantly inhibited lettuce seedling growth. TLC agar plates showed the inhibitory activities of emodin and physcion against the seedling growth of several tested plant species. The rhizome with roots and fallen leaves contained emodin (9) and physcion (10) at relatively high concentrations. Emodin also occurs in the soil of this plant community with effective concentrations in autumn. Thus, these anthraquinones are responsible for the observed interference and are potent allelopathic substances [27] .
Antofine (11) : Extracts of Vincetoxicum rossicum Barb. (Asclepiadaceae) were tested for inhibition of bacterial and fungal growth and for anti-insect activities that may account for the invasive characteristics of this introduced species in North America. Bioassay-guided fractionation was used to identify (-)-antofine as the principle inhibitor of bacteria and fungi in root extracts. V. rossicum contains potent inhibitors of plant pathogenic fungi, diverse bacteria, and herbivorous insects which are likely to contribute to its success as an invasive species [28] .
Sugars, proteins and other by-products of metabolism may also have an impact on soil microbial ecology. Sugars, components of the root exudate of Centaurea maculosa, can alter microbe-plant and plant-plant interactions. A question arises concerning the levels of sugars (and other primary and secondary metabolites) in the root exudates of C. maculosa from North America and Europe, and how differences in sugar levels (if any) would influence in situ catechin concentrations in respective soils. Flavonoids exuded from roots are reported to be important signals of microbial response: C. maculosa under herbivory attack has higher levels of sugars in its root exudates, which lead to an increase in the level of flavonoids released because of their glycosylation [29] . Furthermore, interaction between different components of root exudates -inhibitors (e.g. chemicals), promoters (e.g. nitrate) and neutral substances (e.g. glucose) -can modify plant growth [30] .
What role can phytochemists play in the war against invasive plants?
Invasive organisms have become of focal interest to ecology, owing not only to the tremendous destruction that they can cause, but also because we do not yet understand fully how they change from being minor components of their native communities to dominant components of invaded communities. As Callaway has pointed out, it seems quite likely that after many exotics are investigated, researchers will find different causes for invader success. With increasing numbers of case studies, we should gain greater power to predict when and where particular processes might be important in affecting native populations and communities [31] .
As noticed above, allelopathic effects not only derive from the release of phytotoxins from roots, but also from biochemicals present in leaves that either leach during rainfall or release chemicals after senescing and falling to the ground. A complete study of plant biochemistry, including chemicals produced by roots and shoots and released as either volatiles or exudates, or through leaching and decomposition, enables a far-reaching analysis of the defensive and aggressive abilities of a plant that are related to invasion. This combined evidence suggests that overall plant biochemistry (inside and outside of the plant, and above-and below-ground) can influence invasions either directly (i.e. production of phytotoxins) or indirectly (i.e. by making a plant less likely to be eaten by insects), and that community neighbors can induce these changes (e.g. insects, other plants or possibly soil microbes) [13] .
Plants contribute a plethora of chemicals with different bioactivities at different stages of development and in response to particular stresses, suggesting that one compound cannot be solely responsible for a biological process [32] . With the small number of cases studied, the rules of new phytochemicals in different species cannot yet be deduced.
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• Systematic studies on the phytochemistry of all the organs of invasive plants in different areas will provide useful information for ecologists. • Studies on the biochemicals of root exudates will clarify what the plants release to the soil.
• Studies of the allelopathic, anti-microbial, anti-herbivore activities of the isolated compounds of the invasive plants will help to explain their ability to invade.
• Rapid analysis and comparison of full phytochemical profiles of invasive and native species with modern technique such as GC-MS and HPLC-MS will quickly demonstrate the differences between them and predict the advantage of the invasive species [33] .
• Bioactivity studies will help to find putative therapeutic values of the abundant plant materials of invasive species [34] .
Close collaboration between phytochemists and biologists will contribute quickly to the comprehension of the invasive process and help to fight this destructive phenomenon. On the other hand, as we know, plant materials are often very expensive and rare for phytochemical work. Instead of working on rare or extinct species, studying the bioactivities of widespread invasive species will exploit this biomass as a source of potentially important bioactive compounds.
Conclusion
Phytochemicals with biological activities have had great utility as pharmaceuticals and pest-management agents. Most of the medicines of previous centuries were of botanical origin, products of centuries of ethnobotanical lore. Although this approach has been rewarding, it may have reached the point of diminishing returns. Other approaches for lead identification have been underexploited and, perhaps, may offer greater potential at this time. As we can see above, biochemicals in the invasive species can have multiple bioactivities. Actually, during the last half of the 20 th century, chemical biology has become a recognized subdiscipline. Understanding the chemical interaction between different plant species, and between plants and other organisms, has resulted in the discovery of bioactive compounds with potential uses for humans. For example, a very potent natural herbicide sorgoleone was discovered through studies of the chemical ecology of Sorghum species based on the fact that it possesses the ability to retard chemically the growth of competing plant species. There are many other examples of chemical ecology studies leading to the discovery of potentially useful natural products from plants. The chemical ecology approach can be a new alternative strategy for the discovery of bioactive phytochemicals [35] .
To study the chemistry of invasive species and their interaction with their environment would help understand and to find ways to curb their spread, as well as to find potential bioactive substances.
